The Arabidopsis thaliana multi-stress regulator TSPO is transiently induced by abiotic stresses. The final destination of this polytopic membrane protein is the Golgi apparatus, where its accumulation is strictly regulated, and TSPO is downregulated through a selective autophagic pathway. TSPO-related proteins regulate the physiology of the cell by generating functional protein complexes. A split-ubiquitin screen for potential TSPO interacting partners uncovered a plasma membrane aquaporin, PIP2;7. Pull-down assays and fluorescence imaging approaches revealed that TSPO physically interacts with PIP2;7 at the endoplasmic reticulum and Golgi membranes in planta. Intriguingly, constitutive expression of fluorescently tagged PIP2;7 in TSPO-overexpressing transgenic lines resulted in patchy distribution of the fluorescence, reminiscent of the pattern of constitutively expressed yellow fluorescent protein-TSPO in Arabidopsis. Mutational stabilization of TSPO or pharmacological inhibition of the autophagic pathway affected concomitantly the detected levels of PIP2;7, suggesting that the complex containing both proteins is degraded through the autophagic pathway. Coexpression of TSPO and PIP2;7 resulted in decreased levels of PIP2;7 in the plasma membrane and abolished the membrane water permeability mediated by transgenic PIP2;7. Taken together, these data support a physiological role for TSPO in regulating the cell-surface expression of PIP2;7 during abiotic stress conditions through protein-protein interaction and demonstrate an aquaporin regulatory mechanism involving TSPO.
INTRODUCTION
Environmental stresses such as drought, salinity, or cold are common limiting factors for plant growth and development. These stresses impose osmotic and oxidative stresses at the cellular level, and a critical function of the phytohormone abscisic acid (ABA) is to mediate the plant response to these insults during vegetative growth (Finkelstein et al., 2002; Nambara and Marion-Poll, 2005; Yamaguchi-Shinozaki and Shinozaki, 2006) . The increase in active ABA levels in plant cells during water-related stress regulates the expression of ABA-responsive genes by interacting with cytosolic and/or organelle-bound receptors and downstream effectors modulating the activity of defined transcriptional regulators (Fujii and Zhu, 2009; Ma et al., 2009; Park et al., 2009; Wu et al., 2009; Shang et al., 2010) . It is thought that up to 10% of the Arabidopsis thaliana transcriptome is responsive to ABA signaling . Extensive studies of stress and ABA-induced gene expression during vegetative growth revealed two waves of response: an early transient response peaking at ;3 h and a late sustained response from 10 h onward (reviewed in Finkelstein, 2013) . Characteristically, the so-called "early" genes encode regulatory proteins, such as transcription factors, protein kinases, and phosphatases, and a set of proteins of unknown function Fujita et al., 2006) . The "late" genes are presumed to contribute to plant adaptation to the stress and encode proteins such as the late embryonic abundant proteins, chaperonins, enzymes, ion and water-channel proteins, and reactive oxygen species scavengers (Fujita et al., 2006; Yamaguchi-Shinozaki and Shinozaki, 2006) .
The Arabidopsis tryptophan-rich sensory protein/translocator (TSPO) is a multi-stress regulator that is transiently induced in the plant cell (Kreps et al., 2002; Seki et al., 2002; Zimmermann et al., 2004; Winter et al., 2007; Guillaumot et al., 2009; Hermans et al., 2010; Vanhee et al., 2011b) . Transcriptionally, ABA-induced TSPO expression peaks at ;3 h postinduction; also, it is one of the most strongly induced "early" genes and is of unknown function. This polytopic membrane protein is encoded by a single locus (At2g47770) in Arabidopsis and belongs to the so-called tryptophan-rich sensory protein/peripheral-type benzodiazepine receptor (TspO/MBR) group of proteins (Papadopoulos et al., 2006) . Members of this group of membrane proteins are found, with few exceptions, in organisms ranging from Archaea to metazoans (reviewed in Gavish et al., 1999; Lacapère and Papadopoulos, 2003; Papadopoulos et al., 2006) . Since their identification in the late 1970s (Braestrup et al., 1977) , TSPOs have been the subject of intensive research, almost exclusively in animal cells, to pinpoint their function. The mammalian 18-kD translocator protein TSPO1 was thought to be encoded by an essential gene and involved in a range of physiological functions and pathologies (Papadopoulos et al., 2006; Rupprecht et al., 2009) . A second isoform, TSPO2, is cell specific and functions in erythroid development (Fan et al., 2009) . One of the main functions attributed to mammalian TSPOs is their possible involvement in steroid metabolism and mitochondrial physiology (reviewed in Rupprecht et al., 2010) , although recent evidence has challenged these acceptations, showing, for example, that mice TSPO1 is not essential and plays no role in steroidogenesis (Morohaku et al., 2014; Sileikyte et al., 2014; Stocco, 2014) . It is well documented that TSPOs can form functional homo-oligomers and heterooligomers with soluble and membrane-bound partners (reviewed in Papadopoulos et al., 2006) . In addition, mammalian TSPOs can regulate the expression or stability of their interacting partner. For instance, overexpression of TSPO1 inhibits the expression of the mitochondrial voltage-dependent anion channel 1 (VDAC1), and the silencing of TSPO1 increases VDAC1 expression in endothelial cells (Joo et al., 2012) . Mammalian TSPO can also regulate the expression of a noninteracting protein. For example, TSPO1 is upregulated in CD4 + T cells infected by the human immunodeficient virus 1 (HIV1) and inhibits virus envelope protein expression by promoting its degradation through the endoplasmic reticulumassociated degradation pathway (Zhou et al., 2014) . TSPOs were only recently described in plants (Corsi et al., 2004; Lindemann et al., 2004; Frank et al., 2007; Guillaumot et al., 2009) , and in contrast to the situation in mammals, plant TSPOs appear to be nonessential, suggesting a potential functional divergence through the evolution of these proteins. Arabidopsis TSPO is transcriptionally regulated by the master bZIP-type transcription factors ABSCISIC ACID-RESPONSIVE ELEMENT BINDING PROTEIN1 (AREB1), AREB2, and ABSCISIC ACID-RESPONSIVE ELEMENT BINDING FACTOR3, which are involved in ABA-responsive element-dependent ABA signaling (Yoshida et al., 2010) . TSPO transcripts are detected in desiccationresistant plant structures and to some extent in senescing leaves but are rapidly and transiently induced in vegetative tissues by ABA and abiotic stresses, including osmotic and salt stress, magnesium deficiency, and high light conditions (Kreps et al., 2002; Seki et al., 2002; Zimmermann et al., 2004; Winter et al., 2007; Guillaumot et al., 2009; Hermans et al., 2010) . Accordingly, the protein is readily detected in seeds but not in vegetative tissues under normal growth conditions (Guillaumot et al., 2009 ). We showed recently that the level of TSPO in the cell is tightly regulated (Guillaumot et al., 2009; Vanhee et al., 2011a Vanhee et al., , 2011b . TSPO is degraded through a selective autophagic pathway, and targeting of the protein to this pathway requires heme and the ubiquitin-like autophagy-related 8 (ATG8) binding (Vanhee et al., 2011b) . Overexpression of TSPO can be detrimental to the cell. In particular, plants and cells overexpressing TSPO are more sensitive to salinity but more tolerant to osmotic stress (Guillaumot et al., 2009) .
Water-related stresses ultimately inhibit the growth of both the root and the aerial parts of a plant. Plant cell growth depends mainly on cell elongation driven by water flow and turgidity. The flow of water across cell membranes to regulate growth and transpiration is largely modulated by aquaporins present in the plasma membrane and the tonoplast Chaumont and Tyerman, 2014) . The contents and activities of aquaporins are constantly regulated by different factors and at different levels, including transcription, protein stability, subcellular trafficking, and gating Chaumont and Tyerman, 2014) . In Arabidopsis, the expression of most aquaporins is downregulated during water-related stress, such as drought or salt stress conditions, therefore limiting water loss and potentially creating a hydraulic signal that could induce stomatal closure (Jang et al., 2004; Boursiac et al., 2005; Alexandersson et al., 2010) . Although plants express multiple homologous aquaporin isoforms, it is thought that individual aquaporins function nonredundantly (Javot et al., 2003; Postaire et al., 2010; Prado et al., 2013) . It is well documented that regulation of aquaporins plays a role in early responses and acclimation to water stress conditions (Chaumont and Tyerman, 2014) . However, the mechanisms behind plant aquaporin degradation and/or stability are not fully understood. (A) Scheme of the genetic constructs used as bait. In plasmid pBT3-NAtTSPO, the cDNA encoding TSPO was cloned downstream of the cDNA encoding the chimeric transcription factor LexA-VP16 fused to a C-terminal fragment of ubiquitin (Cub). In plasmid pBT3-SUC-AtTSPO, the cDNA of TSPO was cloned upstream of the cDNA encoding the LexA-VP16-Cub fusion. Each of the bait constructs (pBT3-N-AtTSPO and pBT3-SUC-AtTSPO) was used to screen an Arabidopsis cDNA library (complexity of 1.7 3 10 7 ) amplified in Saccharomyces cerevisiae. In this work, we report the unexpected finding that TSPO interacts intracellularly with the plasma membrane aquaporin PIP2;7 (PLASMA MEMBRANE INTRINSIC PROTEIN 2;7) and downregulates its abundance in the cell. This TSPO-dependent regulation may contribute in reducing the amount of PIP2;7 in the plasma membrane, thus limiting PIP2;7-dependent water transport activity at the plasma membrane under abiotic stress conditions.
RESULTS
The Arabidopsis Plasma Membrane Aquaporin PIP2;7 Interacts with TSPO TSPO-related proteins are known to oligomerize and to form functional hetero-complexes with a diverse array of partners in different cell types (Papadopoulos et al., 2006) . To investigate whether this may be the case for the Arabidopsis TSPO protein, we screened for potential TSPO interactants using a splitubiquitin assay in yeast. The full-length TSPO was used as bait and cloned either upstream or downstream of the LexA-VP16-Cub cassette ( Figure 1A ) (Dualsystems Biotech). Each of the bait constructs was used to screen an Arabidopsis cDNA library (complexity of 1.7 3 10 7 ) (Dualsystems Biotech). Screening of 1.2 3 10 7 transformants containing the TSPO bait fused to LexA-VP16-Cub at the N or C terminus yielded 192 and 45 baitdependent interactants, respectively. We selected 35/192 and 10/45 clones showing the highest b-galactosidase activity for further analysis (Supplemental Figures 1A and 1B) . Intriguingly, 10 out of the 45 sequenced clones encoded membrane intrinsic proteins as preys, two from the plasma membrane intrinsic protein (PIP) subfamily (PIP2;7 and PIP2;6), and five from the tonoplast intrinsic protein subfamily (TIP) ( Figure 1B ). All of these PIP and TIP prey clones were recovered from TSPO fused to LexA-VP16-Cub at the N terminus. PIP2;7 appeared more frequently (four independent clones) than any of the other aquaporins within the subset of 45 possible strong TSPO interactants identified. We (A) Protein extracts from transgenic Arabidopsis dry seeds expressing Venus-PIP2;7 or ST-GFP (negative control) were affinity purified using GFP-Trap. The input (IN), the flow-through (FT), the last wash (W, wash #5), and eluted fractions (E) were analyzed by immunoblotting for TSPO or GFP. TSPO was detected in the eluted fraction (E) from Venus-PIP2;7 expressing extract. See Supplemental Figure 4A for control analysis. (B) Protein extracts were prepared from transgenic Arabidopsis seedlings overexpressing YFP-TSPO and the fusion protein was affinity-purified using GFP-Trap. The various fractions as in (A) were analyzed by immunoblotting for PIP2;7. As shown in lane E, endogenous PIP2;7 copurified with YFP-TSPO. See Supplemental Figure 4B for control analysis. (C) Reverse interaction experiment as shown in (B) was tested by incubating transgenic Arabidopsis seedlings overexpressing Venus-PIP2;7 in 50 mM ABA for 24 h in order to induce TSPO. Protein extracts after induction were treated as in (B) and the various fractions were analyzed by immunoblotting for TSPO. As shown in lane E, the ABA-induced TSPO copurified with 7. chose therefore to investigate further the possibility that PIP2;7 and TSPO may interact in vivo.
If PIP2;7 and TSPO do interact in vivo in the plant cell and the interaction is strong enough, we reasoned that it may be possible to copurify both proteins. To test this hypothesis, we tagged PIP2;7 at its N terminus with the VenusYFP (yellow fluorescent protein) (Nagai et al., 2002) and constitutively expressed (under the control of the cauliflower mosaic virus p35S promoter) this fusion protein in Arabidopsis (Hachez et al., 2014) . Tagging PIP proteins at their N terminus with a fluorescent protein does not affect their activity (Fetter et al., 2004 ; see also below). We reasoned that if Venus-PIP2;7 does interact with the endogenous TSPO, affinity purification of Venus-PIP2;7 could pull down TSPO. We used GFP-Trap (Chromotek) to purify Venus-PIP2;7 from total proteins extracted from T2 transgenic dry seeds enriched in TSPO (Guillaumot et al., 2009) (Supplemental Figures 2 and 3) and checked for the presence of TSPO in the eluted fraction. As a control, we used transgenic Arabidopsis seeds overexpressing the membrane-bound Golgi marker protein sialyl transferase fused to green fluorescent protein (ST-GFP), which was shown previously to colocalize with TSPO in the plant cell (Guillaumot et al., 2009) . Figure 2A shows protein gel blotting of the different fractions from the pull-down assay. Both Venus-PIP2;7 (lane E, anti-GFP) and the endogenous TSPO (lane E, anti-TSPO) were detected in the eluted Venus-PIP2;7 fraction. The control fraction of the eluted ST-GFP did not contain TSPO (ST-GFP, lane E). We checked that the pull-down of TSPO was PIP2;7 dependent and that as a control, ST-GFP did not copurify with either PIP2;7 or TSPO (Supplemental Figure 4A) . Next, we investigated whether this interaction was also active in vegetative tissues. We extracted total proteins from Arabidopsis seedlings overexpressing YFP-TSPO (Guillaumot et al., 2009; Vanhee et al., 2011b) and affinitypurified the fusion protein using a GFP-Trap slurry. We found that the endogenous PIP2;7 copurified with YFP-TSPO as shown in Figure 2B (lane E, arrowhead). We showed that YFP-TSPO, as expected, was also present in the eluted fraction (Supplemental Figure 4B) . To test the reverse situation, and because TSPO expression is almost undetectable in vegetative tissues (Guillaumot et al., 2009; Vanhee et al., 2011b) , we incubated Arabidopsis seedlings overexpressing Venus-PIP2;7 in 50 mM ABA for 24 h to induce TSPO (Guillaumot et al., 2009; Vanhee et al., 2011b) . As shown in Figure 2C (lane E), protein gel blot analyses showed that the induced TSPO coeluted with the affinity-purified Venus-PIP2;7. These results demonstrate that, when coexpressed, PIP2;7 and TSPO do physically interact in the plant cell.
PIP2;7 and TSPO Interact in the Endoplasmic Reticulum and Golgi
The final destination of PIP2;7 in plant cells is the plasma membrane, while TSPO localizes in the Golgi and to some extent in the endoplasmic reticulum (ER) (Guillaumot et al., 2009; Vanhee et al., 2011a Vanhee et al., , 2011b . To assess where the two proteins may interact at the subcellular level, we took advantage of the bimolecular fluorescence complementation (BiFC) technique (Bracha-Drori et al., 2004) . We prepared genetic constructs encoding chimeric fusions in which both interactants were fused N-terminally to either the N-terminal (Venus N ) or the C-terminal half (Venus C ) of the split VenusYFP (Besserer et al., 2012) . These chimeric constructs driven by a p35S promoter were transiently expressed in tobacco (Nicotiana tabacum) leaf epidermal cells, and the reconstitution of Venus was assessed by confocal microscopy imaging. We also expressed PIP2,7 and TSPO N-terminally tagged with the full-length Venus. To ascertain the organelles highlighted by the BiFC signal, we coexpressed the tested combinations with ST-GFP, which was previously shown to colocalize with TSPO in the plant cell (Guillaumot et al., 2009) . Figures 3A and 3B show examples of imaged cells highlighting the subcellular localization of Venus-PIP2;7 and YFP-TSPO. As expected, Venus-PIP2;7 fluorescence outlined the cell, consistent with the localization described so far for all tested PIP2 isoforms in the plasma membrane (i.e., Boursiac et al., 2005; Besserer et al., 2012) . Coexpression of Venus N -PIP2;7 and Venus C -TSPO ( Figure 3C ) or Venus N -TSPO and Venus C -PIP2;7 ( Figure 3D ) generated a reconstituted Venus signal, confirming the in vivo interaction of TSPO and PIP2;7. Venus N -PIP2;7 ( Figure 3E ) or Venus C -TSPO ( Figure 3F ) when expressed alone did not generate any fluorescence, and the same was true for the other split variants expressed alone. When the spliced-Venus complementary couples containing TSPO and PIP2;7 were coexpressed with ST-GFP ( Figures 3G to 3I ), the resulting BiFC signal and ST-GFP signal colocalized in the ER and Golgi stacks ( Figure 3I , upper right inset, arrowheads). The BiFC signal was found both in the Golgi stacks and the ER network ( Figure 3I , bottom left inset). In accordance with the results from the pull-down assay, the BiFC data confirm that PIP2;7 and TSPO do interact in the plant cell and most likely within the ER and Golgi membranes.
Constitutively Expressed TSPO Downregulates Overexpressed PIP2;7
The transcripts of PIP2;7 and TSPO appear to be developmentally regulated and almost mutually exclusive during seed development (Supplemental Figure 2) . We wondered whether this may also be the case at the protein level. Knowing that TSPO is enriched in dry Arabidopsis seeds, we analyzed by protein gel blot the dynamics of the PIP2;7 and TSPO levels in germinating seeds and up to 4 d postimbibition (Supplemental Figure 3) . The level of TSPO rapidly declined in wild-type germinating seeds and became undetectable after 2 d of imbibition, consistent with the evolution of transcript levels (Zimmermann et al., 2004; Winter et al., 2007) . In contrast, we detected a paralleled steady increase of PIP2;7 with time (Supplemental Figure 3A) . A similar pattern was observed in a TSPO knockout line (SALK_066561C; Supplemental Figure 3B ), suggesting that the developmental regulation of PIP2;7 at the protein level during germination may not be linked per se to the presence of TSPO. TSPO is only transiently expressed in Arabidopsis vegetative tissues during exposure to abiotic stress conditions (Guillaumot et al., 2009) . To investigate whether the expression of TSPO may have any posttranslational consequences upon PIP2;7, we overexpressed (p35S promoter) Venus-PIP2;7 in transgenic homozygous Arabidopsis lines constitutively (p35S promoter) expressing TSPO. For comparison, we also transformed Venus-PIP2;7 in wild-type Arabidopsis and in a TSPO knockout (SALK_066561 C) line. Representative confocal images in Figure 4 show that the detection of Venus-PIP2;7 fluorescence within different organs was drastically affected by the constitutive expression of TSPO. In the wild-type and knockout (KO) backgrounds, Venus-PIP2;7 fluorescence was detected in every cell of the cotyledon, the hypocotyl, and the root, accessible to confocal imaging (Figures 4A to 4D and 4E to 4H) . Intriguingly, we consistently found that in every organ of the primary transgenic lines examined, when detected, the Venus-PIP2;7 signal intensity varied from cell to cell in the TSPO (OE) background and was completely undetectable in 70 to 80% of the cell types analyzed ( Figures 4I to 4L ). This observation was consistent in two independent homozygous transgenic lines (OE8 and OE9; Vanhee et al., 2011b) constitutively expressing TSPO. This unexpected pattern of Venus-PIP2;7 fluorescence distribution in the TSPO OE background cannot be explained by a possible positional effect, since all of the generated transgenic lines in these backgrounds driven by a constitutive p35S promoter showed the same patchy fluorescence, but this patchy fluorescence was not observed in the wild-type or KO backgrounds. In addition, from segregating T2 transgenic plants after selfing, we could recover hygromycin-sensitive plants showing the wild-type pattern of Venus-PIP2;7 (Supplemental Figure 5 ), suggesting that these individuals were indeed devoid of the TSPO transgene and that showing detectable YFP fluorescence from random samples and acquired images using identical settings are given 6 the SE of the mean for each organ. Bars = 20 mm in (A) to (F) and 10 mm in (G) to (L).
overexpressed TSPO was responsible for the patchy distribution of Venus-PIP2;7 fluorescence. As shown in Figure 4 , the patchy distribution of Venus-PIP2;7 fluorescence was not restricted to the epidermal cell layer of, for instance, the cotyledon but was also evident in the mesophyll cells ( Figures 4M and 4N , compare the Venus-PIP2;7 signal in the Z-stack optical sections from the wild type and OE). Since Venus-PIP2;7 is constitutively expressed, these results suggest that coexpression of TSPO may downregulate Venus-PIP2;7 in a cell-dependent manner. To further investigate this possibility, we first examined the stability of the overexpressed fluorescent protein-tagged TSPO in transgenic Arabidopsis plants.
Fluorescence of Overexpressed YFP-TSPO Is Restricted to Some Arabidopsis Cells
We showed previously that TSPO is only transiently expressed in the plant cell and induced by abiotic stresses and that constitutively expressed TSPO can be detrimental to cultured plant cells (Guillaumot et al., 2009) . The presence of TSPO in cells appears to be tightly regulated, and when required, the protein is efficiently downregulated through a selective autophagic pathway (Vanhee et al., 2011b) . We generated homozygous Arabidopsis transgenic lines overexpressing YFP-TSPO. Confocal imaging analysis of these lines, irrespective of the relative strength of the constitutive promoter and the backbone of the binary vector used (single or double p35S in pCambia or enhanced p35S in pVKHEn6; Batoko et al., 2000; Saint-Jore et al., 2002) , resulted in a patchy distribution of the YFP-TSPO fluorescence ( Figures 5A to 5F ). This differential stability of the constitutively expressed TSPO protein fusion was not a peculiarity of the Arabidopsis protein, since the Thellungiella salsuginea (a stress-tolerant, close relative of Arabidopsis that was recently renamed Eutrema salsugineum) TSPO-related protein (Ts-TSPO), when overexpressed in Arabidopsis, showed the same patchy distribution ( Figures 5G to 5L ). The fluorescence generated by the protein fusions containing either of the two plant TSPOs could be detected, with variable intensity, in <20% of the imaged cells, irrespective of the sampled organ ( Figure 5 ).
We showed previously that downregulation of TSPO in the plant cell requires heme binding (Vanhee et al., 2011b) . Substitution of the histidine residue at position 91 to alanine in TSPO (H91A), a histidine residue thought to be required for heme iron axial coordination, resulted in a substantial reduction of heme binding in vitro and reduced degradation in vivo (Vanhee et al., 2011b) . Downregulation of TSPO requires H91 in addition to an active autophagic pathway. We reasoned that if this patchy The wild-type TSPO and the mutant form harboring the H91A substitution were tagged with both the monomeric Cherry variant of the red fluorescent protein and GFP, and the resulting fusion was constitutively expressed in transgenic Arabidopsis. distribution of the fluorescence generated by the TSPO-containing fusions is due to the active downregulation of the expressed chimera, then overexpression of the H91A mutant form of TSPO should be more stable and evenly detected in all cell types. To test this hypothesis, we tagged the wild type and the H91A variant of TSPO with both mCherry (monomeric variant of DsRed) and GFP and then overexpressed these constructs in transgenic Arabidopsis plants, under the control of the same constitutive promoter (p35S). As shown in Figure 6 and as expected, the wildtype fusion protein showed the same patchy distribution and was mainly targeted to the Golgi stacks in the cotyledon of the transgenic seedling (top and bottom left panels in Figure 6A ). In contrast, the H91A fusion was present in every cell and highlighted mainly the ER (top and bottom right panels in Figure 6A ). Interestingly, the H91A fusion also outlined ER bodies (bottom right panel in Figure 6A , open arrowheads), a structure not highlighted by the wild-type protein fusion, and was also detected in mobile structures that were most likely Golgi stacks (bottom right panel in Figure 6A , closed arrowheads). As exemplified in Figure  6B , which shows a subset of z-stacks from an imaged cotyledon, the wild-type TSPO and the H91A mutant fusions driven by the same constitutive promoter presented a striking difference in their distribution in the various cell types accessible to confocal imaging. While the wild-type TSPO was mostly detected in some epidermal cells, consistent with previous observations, the H91A variant was detected in every cell, suggesting that the H91A mutant form of TSPO is less prone to downregulation in the cell. This difference in apparent stability between the wild-type and the heme binding-deficient mutant form of TSPO could be linked to the less efficient degradation of the H91A mutant form through the autophagic pathway as compared with the wild-type fusion. These results confirm that efficient regulatory degradation of TSPO requires heme binding; thus, the observed patchy distribution of the fluorescence generated by the wild-type fusion protein may be due to the effective downregulation of the fusion by most cells.
Fluorescence of Tagged PIP2;7 Is Altered in the Presence of TSPO Next, we checked whether coexpression of TSPO and PIP2;7 had any consequence on the stability of either protein in plant tissues. We reciprocally crossed transgenic Arabidopsis lines overexpressing either CFP-PIP2;7 or YFP-TSPO. Representative confocal images of cotyledons expressing CFP-PIP2;7 and/or YFP-TSPO are shown in Figure 7 . In the wild-type background (inset in upper panel), CFP-PIP2;7 fluorescence is detected in every cell imaged as shown previously for Venus-PIP2;7 (Figure 4 ). When crossed with a transgenic line overexpressing YFP-TSPO, the CFP-PIP2;7 signal in the resulting F1 hybrid became patchy (Figure 7, bottom panel, merge) as did the YFP-TSPO signal ( Figure 7 , middle panel), suggesting that coexpression of YFP-TSPO and CFP-PIP2;7 had a down-regulatory effect upon CFP-PIP2;7 in most cells. As shown in the Venn diagram (Figure 7) , ;22% of the cells imaged from F1 plants showed CFP-PIP2;7 fluorescence, 16.5% showed YFP-TSPO fluorescence, and 6% of the cells showed both signals, suggesting that PIP2;7 and TSPO are not necessarily mutually exclusive when coexpressed. Consistent with the observed alteration of the PIP2;7-derived signal in untagged TSPO-overexpressing lines, these results suggest that both the untagged and the fluorescent fusion forms of TSPO are active in preventing the accumulation of PIP2;7-containing fusion proteins in most plant cells. The strong p35S is known to induce in some cases homology-dependent transcriptional silencing (Mlotshwa et al., 2010) , in which case we should observe no expression of the transgenes in all tissues of the silent plant. To exclude the possibility that the patchy cellular phenotype may be due to a potential deleterious effect of the heterologous strong p35S promoter, we expressed RFP-TSPO under the control of the Arabidopsis mild constitutive promoter ubiquitin 10 (Grefen et al., 2010) . As shown in Supplemental Figure 6 , expression of RFP-TSPO was also patchy and when coexpressed with YFP-PIP2;7 (driven by its endogenous promoter), the YFP signal also became patchy. Since TSPO and PIP2;7 interact in vivo, the patchy distribution of these fluorescent chimera may be a consequence of the active degradation of TSPO, targeting the TSPO-PIP2;7 complex for degradation through the autophagic pathway as shown previously for TSPO (Vanhee et al., 2011b) .
Inhibition of Autophagy Concomitantly Enhances the Stability of Both TSPO and PIP2;7
We reasoned that if the decreased abundance of PIP2;7 in the presence of TSPO is linked to the active autophagy-dependent degradation of TSPO, stabilizing the latter by transiently inhibiting the autophagic pathway should simultaneously enhance the stability of PIP2;7. To test this hypothesis, we treated Arabidopsis seedlings coexpressing CFP-PIP2;7 and YFP-TSPO with the phosphatidylinositol-3-kinase inhibitor 3-methyladenine (Seglen and Gordon, 1982) or with the more potent and specific autophagosome formation inhibitor Spautin 1, which promotes the phosphatidylinositol-3-kinase complex degradation (Liu et al., 2011) . After 24 h of incubation with the compounds, protein extracts from the treated and control samples were analyzed by protein gel blotting. As shown in Figure 8A , both inhibitors increased the relative amount of YFP-TSPO detected ;6-to 8-fold compared with the control and increased the amount of CFP-PIP2;7 by ;5-fold. These results suggest that PIP2;7 is likely downregulated, at least in part, by the same pathway as TSPO in the cell. If this is the case, then expression of a stable mutant form of TSPO should have relatively little effect on PIP2;7 downregulation. We expressed a more stable form of TSPO (mutant H91A) and compared the effect of the mutant and wild-type TSPO on the levels of endogenous PIP2;7. We probed extracts from transgenic plants expressing either mCherry-GFP-TSPO or mCherry-GFP-TSPO (H91A) for the endogenous PIP2;7 level. As shown in Figure 8B , the detected endogenous levels of monomeric and dimeric PIP2;7 forms in plants expressing mCherry-GFP-TSPO was at least half the level detected in plants expressing mCherry-GFP-TSPO (H91A). The latter was comparable to the level of endogenous PIP2;7 in the corresponding extracts from untransformed control H91A ) tagged with mCherry-GFP were analyzed as in (A) but the blot was probed for the endogenous PIP2;7, with RbcL as a loading control. For relative comparisons with the wild type, the PIP2;7 monomer (single arrowhead), and the dimer (double arrowhead), signal intensities were summed and divided by the intensity of the corresponding RbcL signal and the wild type/RbcL ratio was normalized to 1. (C) ABA-dependent induction of endogenous TSPO can downregulate endogenous PIP2;7. Arabidopsis wild-type (lane Col-0), a TDNA insertional knockout mutant for TSPO (lane tspo), and Atg5 null mutant deficient in macroautophagy (lane atg5) seedlings were incubated in 50 mM ABA and sampled after 48 h. Total protein extracts were analyzed by protein gel blotting and the levels of endogenous TSPO and PIP2;7 compared with the appropriate mock sample (no ABA). Since RbcL appeared to be sensitive to relatively long ABA incubation periods, we used light-harvesting chlorophyll binding protein (Lhcb1) as loading control, and a Coomassie blue-stained replica of the transferred gel is shown. Double arrowhead indicates PIP2;7 dimers, and the single arrowhead indicates PIP2;7 monomers. (D) Degradation of TSPO involves interaction with ATG8 in vivo. Microsomal proteins from Arabidopsis transgenic seedlings overexpressing mCherry-GFP-TSPO were solubilized and subjected to affinity purification using GFP-trap and RFP-trap slurry, and the input (IN), the flow-through (FT), the last wash (W; wash #5), and the eluted fractions (E) were analyzed by immunoblotting for ATG8 and TSPO. Endogenous ATG8 was copurified (lanes E, upper blot) with mCherry-GFP-TSPO (lower blot). Closed arrowhead, full-length fusion protein; open arrowheads, degradation products. plants. To exclude any artifacts from overexpression, we investigated whether physiological levels of TSPO could downregulate endogenous PIP2;7 through the autophagic pathway. We induced TSPO in the wild type, the TSPO knockout, and in the autophagy-deficient atg5 mutant backgrounds. The levels of TSPO and PIP2;7 were assessed by protein gel blotting and compared with mock-treated samples. As shown in Figure 8C , after 48 h of ABA treatment, TSPO induction in the wild type coincided with the downregulation of the level of PIP2;7. The PIP2;7 level was not affected in extracts of TSPO KO plants, and interestingly, although TSPO was also induced in the atg5 mutant, the level of PIP2;7 remained relatively unchanged after 48 h of ABA treatment, suggesting that the downregulation observed in the wild type requires the autophagic pathway. Mutational analysis suggested that TSPO is degraded through a selective autophagic pathway and that TSPO may interact with the autophagic regulator ATG8 (autophagy-related 8) through an ATG8 interacting motif (Vanhee et al., 2011b) . To confirm the downregulation of TSPO through a selective autophagic pathway, we used mCherry-GFP-TSPO and pull-down assays to validate the TSPO Figure 9 . ABA Treatment Enhances YFP-PIP2;7 Degradation through the Vacuole.
Transgenic seedlings expressing YFP-PIP2;7 were incubated for 24 h in ABA (100 mM), ConcA (1 mM), or both. At the end of the incubation period, the seedlings were sampled for confocal imaging ([A] to [D] ) and total protein extractions followed by protein gel blot analyses (E).
(A) Confocal imaging shows YFP fluorescence in the plasma membrane of control root cells. (B) After ABA treatment, confocal imaging shows some of the YFP fluorescence in the vacuole (*) of root epidermal cells and internally in ER body-like structures (arrowhead in inserts) and in invaginations of the plasma membrane (arrow). (C) After ConcA treatment, in addition to the plasma membrane, confocal imaging shows YFP fluorescence in intracellular puncta, most likely autophagosomes. (D) After a combined ABA (100 mM) and ConcA (1 mM) treatment, confocal imaging shows YFP fluorescence in autophagosomes (puncta) and in the vacuole (*) of root cells. Bars = 10 mm in the panels and 5 mm for the insets. (E) The levels of PIP2;7 were probed by protein gel blotting using anti-PIP2;7 and anti-GFP. PIP2;7 and At-TSPO levels from treated samples were compared to the appropriate mock control. GFP panel: open arrowhead indicates free GFP from YFP-PIP2;7 degradation, and arrowhead indicates fulllength YFP-PIP2;7. PIP2;7 panel: double arrowhead indicates endogenous PIP2;7 dimer, and single arrowhead indicates PIP2;7 monomer. [See online article for color version of this figure.] interaction with ATG8. Microsomes were prepared from transgenic seedlings overexpressing mCherry-GFP-TSPO. The solubilized microsomal fraction was incubated with a GFP-Trap or RFP-Trap slurry. As shown in Figure 8D , the eluted fractions from GFP-Trap and RFP-Trap copurified ATG8, confirming that TSPO does interact in vivo with ATG8; thus, TSPO is degraded by a selective autophagy mechanism. These results suggest that expression of TSPO can reduce the level of endogenous PIP2;7 in the cell and that the more stable H91A mutant form has almost no effect on this process. We showed previously that overexpression of TSPO in Arabidopsis cultured cells resulted in enhanced tolerance to osmotic stress (Guillaumot et al., 2009) .
To verify that PIP2;7 is indeed degraded through the autophagic pathway during abiotic stress conditions, we treated YFP-PIP2;7-expressing plants with ABA, Concanamycin A (ConcA), or both for 24 h and analyzed the subcellular distribution of YFP fluorescence by confocal imaging and the levels of TSPO, YFP-PIP2;7, and endogenous PIP2;7 by protein gel blotting. As shown in Figure 9 , ABA treatment induced TSPO and the YFP (Venus) signal could be detected in the vacuole of some root epidermal cells in addition to intracellular compartments morphologically resembling ER bodies. ConcA alone could induce detectable levels of TSPO, and this treatment also triggered the accumulation of YFP fluorescence in punctate structures reminiscent of autophagosomes. When the root cells were treated with both ABA and ConcA, YFP fluorescence was found in punctate structures and in the vacuole of most cells. The proliferation of punctate structures in the cytoplasm and possibly in the vacuole may reflect the inhibition of vacuolar hydrolases by ConcA. YFP fluorescence in the vacuolar lumen indicates the degradation of the transmembrane part of the chimera and the accumulation of free YFP in a less acidic environment. These results suggest that ABA-dependent induction of TSPO triggers the degradation of PIP2;7 through the autophagic pathway. To verify this interpretation, we incubated YFP-PIP2;7-expressing seedlings in ABA and monitored the levels of transgenic YFP-PIP2;7 and endogenous PIP2;7 by protein gel blotting at different time points. As shown in Figure 10 , ABAdependent induction of TSPO increased with time, while the levels of full-length transgenic YFP-PIP2;7 and that of endogenous PIP2;7 decreased steadily. We concluded that physiological levels of TSPO downregulate PIP2;7 through the autophagic pathway.
TSPO Abolishes the Cellular Water Transport Activity Induced by Overexpressed PIP2;7
The water transport activity of a given plant aquaporin can be assessed by overexpressing it in protoplasts and measuring the relative swelling of the transformed cells under hypotonic conditions (Besserer et al., 2012; Hachez et al., 2014) . We prepared protoplasts from Arabidopsis seedlings overexpressing Venus-PIP2;7 in the wild type and in the TSPO-overexpressing backgrounds and compared their swelling ( Figures 11A and 11B ). After 45 s of incubation in the hypotonic solution, protoplasts expressing Venus-PIP2;7 alone were at least 10% larger in relative volume than those coexpressing Venus-PIP2;7 and TSPO ( Figure 11A ). We then compared the osmotic water permeability coefficient (P f ) of protoplasts prepared from wild-type seedlings ), transgenic seedlings overexpressing TSPO (TSPO OE), and transgenic seedlings overexpressing Venus-PIP2;7 in the wild-type background (YFP-PIP2;7 Col0) or in the TSPO overexpression background (Venus-PIP2;7 TSPO OE). As shown in Figure 11B , protoplasts from seedlings expressing Venus-PIP2;7 in the wild-type background showed a 2-fold increase in their maximum P f compared with control protoplasts from wild-type untransformed seedlings (P < 0.0001) or to those from TSPO-overexpressing seedlings (P < 0.0001). Interestingly, expression of Venus-PIP2;7 in the TSPO-overexpressing background had no effect on the maximum P f of the resulting protoplasts, suggesting that the expression of TSPO abolishes the P f increase generated by Venus-PIP2;7. In the presence of both Venus-PIP2;7 and TSPO, the mean maximum P f of the protoplasts was not statistically different from the control (Col-0) protoplasts (P = 0.38) or the TSPO OE protoplasts (P = 0.67). Confocal imaging of Venus-PIP2;7 from the isolated protoplasts showed that although all of the cells from the wild-type Transgenic Arabidopsis seedlings expressing YFP-PIP2;7 were incubated in 50 µM ABA and sampled at 0, 24, and 48 h time points. Total protein extractions were subjected to protein gel blotting and probed using anti-TSPO, anti-PIP2;7, and anti-GFP. background were fluorescent, <30% of the protoplasts from the TSPO overexpression background showed dimmed fluorescence ( Figure 11C ). In addition, while the fluorescence of Venus-PIP2;7 was mainly detected in the plasma membrane in the wildtype background (top right panel), in the TSPO background, very little fluorescence outlined the protoplast, but instead labeled the intracellular structures (bottom right panel). These results demonstrate that, when coexpressed, TSPO and PIP2;7 do interact and that this interaction partially prevents the targeting of PIP2;7 to the plasma membrane and consequently reduces the PIP2;7-dependent water transport of the cell.
In addition, a comparison of water loss suggests that detached leaves from transgenic OE8 plants lose less water than leaves from the wild-type or KO plants (Supplemental Figure  7A) . Furthermore, seedlings of the overexpression H91A mutant seem to have even minimal further relative water loss compared with overexpression of the wild-type TSPO (on average <35% water loss for H91A-expressing seedlings compared with 54% for the OE8 line and >60% for wild-type seedlings after 2 h of incubation at room temperature; Supplemental Figure 7B ). It is likely that the reduced water loss in the presence of TSPO is a consequence of TSPO-dependent downregulation of PIP2;7 and proceeds through a physical interaction between TSPO and PIP2;7, with the complex being targeted for degradation by the same selective autophagic pathway that downregulates TSPO. The H91A mutant form could still interact and retain intracellularly the PIP2;7 en route to the plasma membrane without significantly affecting the overall level of PIP2;7 in the cell.
DISCUSSION
In this work, we present evidence that the multi-stress-regulated membrane protein TSPO is involved in downregulation of a plasma membrane aquaporin, PIP2;7. We showed that TSPO interacts with PIP2;7 within membrane compartments of the early secretory pathway and that the heterocomplex is most likely targeted by the autophagic pathway for degradation in the vacuole, thus reducing the abundance of the PIP2;7 protein at the plasma membrane and protecting the cell from water deficit. Downregulation of PIP2;7 during water-related stress conditions may therefore be linked, at least in part, to the posttranslational regulation of induced TSPO by the plant cell.
Cell-Dependent Downregulation of Constitutively Expressed TSPO
We showed previously that overexpression of TSPO can be detrimental to the plant cell (Guillaumot et al., 2009 ). Cultured (A) Time-lapse recording of the volume change of Arabidopsis mesophyll protoplasts overexpressing YFP-PIP2;7 in the wild-type Arabidopsis background (Col-0, white squares) or the TSPO background (mixture of protoplasts from two homozygous stable lines overexpressing TSPO OE8 and OE9, and TSPO OE 8-9; black squares). The cells were equilibrated for 15 s in an isotonic solution before switching (arrowhead) to a hypertonic solution for 45 s. The plotted values are the means from three independent experiments, and the error bars represent SE. (B) Individual max P f values of Arabidopsis mesophyll protoplasts from the wild type (Col-0), OE8 and OE9 transgenic lines overexpressing TSPO (TSPO OE), a transgenic line overexpressing YFP-PIP2;7 (YFP-PIP2;7 Col-0), and OE8 and OE9 expressing YFP-PIP2;7 (YFP-PIP2;7 TSPO OE). The red horizontal line defines the mean of the max P f for each data set and was significantly (P < 0.0001) higher for YFP-PIP2;7 Col-0 compared with the other values.
(C) Confocal images of protoplasts as in (A) expressing YFP-PIP2;7 (green channel, chlorophylls red channel) in the wild-type background (upper panels) or in a background overexpressing TSPO (bottom panels). Coexpression of TSPO substantially reduces YFP-PIP2;7 fluorescence in the plasma membrane as exemplified by the magnified images of a single protoplast in the right hand panels. Bars = 10 mm in the left-hand panels and 20 mm in the right-hand panels. cells constitutively expressing TSPO were more sensitive to salinity stress conditions, although they were more tolerant to osmotic stress conditions. More intriguing is the fact that it is impossible to maintain cell lines overexpressing TSPO for more than 6 months in the laboratory, suggesting that the continued presence of this protein in the cell is somehow toxic. It was shown that cultured cells overexpressing TSPO tend to accumulate relatively higher levels of reactive oxygen species, and this is likely due to the heme scavenging activity of this protein (Vanhee et al., 2011b) . The data presented herein corroborate these earlier observations. We showed here that at the plant level, overexpressed TSPO failed to accumulate in most cells of various organs, possibly due to an intrinsic toxicity of the protein (Figure 4) . Interestingly, TSPO from an Arabidopsis relative (E. salsugineum) showed the same behavior, suggesting that this regulatory mechanism is not a peculiarity of Arabidopsis TSPO. Downregulation of the expressed TSPO required heme binding, since the H91A mutant form seems to be relatively more stable than the wild-type form (Figure 6 ). Why the downregulation of overexpressed plant TSPOs appears to be less effective in some cells is not yet clear. A possible explanation is that it could be due to the differences in active ABA content and/or ABA-dependent signaling in different cell types. For instance, endogenous TSPO accumulates during seed maturation, a developmental stage coinciding with dehydration and ABA upregulation, but it disappears during imbibition of dry seeds, which triggers ABA degradation. We also consistently observed that in the leaf epidermis, YFP-TSPO was more commonly detected in the guard cells (although it was absent in the surrounding pavement cells) and along the veins, cell types known to be enriched in ABA biosynthetic genes and signaling components . ABA-dependent upregulation of the TSPO transcripts is at least 14-fold higher in the guard cells than in any other cell type of the leaf (26-fold increase in pavement cells compared with a 360-fold increase in guard cells) . It may be that the "dark" cells intrinsically possess an increased TSPO degradation rate (and codegradation of the complex containing PIP2;7). Alternatively, we speculate that the relative level or degradation kinetic of TSPO may explain that of PIP2;7. It may be that the expressed endogenous TSPO (because of differential ABA content and/or signaling) protein competes for degradation with the transgene product.
The Level and Activity of Aquaporins in the Plasma Membrane Are Regulated during Water-Related Stress
Plants have evolved complex physiological and biochemical mechanisms to adjust and adapt to environmental stresses. When subjected to abiotic stresses, such as salinity or drought stress, resulting in osmotic stress at the cellular level, plants actively reprogram their growth by modulating both cell division and cell expansion. One of the earliest metabolic responses to abiotic stresses and the inhibition of growth is the inhibition of protein synthesis and an increase in protein folding and processing. Growth is limited by the plant's ability to osmotically adjust or conduct water. Among the different families of aquaporins, the plasma membrane-localized PIPs appear to function in intercellular water transport. Continued cell-to-cell water transport during water-related stress can be detrimental to the plant. To date, the molecular identities of hyperosmotic sensors remain elusive in plants, but it is known that in general, the cell reacts to osmotic stress by reducing the number of water channels at the plasma membrane. PIP2;7 is one of the highly expressed plasma membrane aquaporins in the Arabidopsis rosette leaf (Prado et al., 2013) . Aquaporin abundance and activity within the plasma membrane can be regulated by phosphorylation (Johansson et al., 1998; Prak et al., 2008; Van Wilder et al., 2008) . Dephosphorylation of the loop B and/or C-terminal serine residues of PIP2s are predicted to stabilize the closed conformation of the water channels (Törnroth-Horsefield et al., 2006) . In addition, the phosphorylation status In the absence of abiotic stress (upper panel), the level of TSPO is very low, as expressed TSPO is undetectable, while expressed PIP2;7 is targeted to the plasma membrane via the biosynthetic pathway and is involved in water transport activity. Under normal conditions, long-term PIP2;7 regulation could involve recycling via the endosome and vacuolar degradation. In the presence of abiotic stress conditions (bottom panel) involving increased ABA levels in the plant cell, TSPO is transcriptionally upregulated and the TSPO that is transiently synthesized is targeted to the Golgi via the ER, while downregulation of PIP2;7 is a means to limit intercellular water transport and prevent the dehydration of cells. To reduce the level of PIP2;7 in the plasma membrane, prevention of already translated PIP2;7 from reaching the plasma membrane (interrupted arrows) could involve titration of the water channel molecules present in the ER and/or the Golgi by TSPO through protein-protein interaction and vacuolar degradation of the complex via the autophagic pathway. The autophagic degradation of PIP2;7 and the endosomal pathway could come together (question mark), allowing the simultaneous cleansing of excess PIP2;7 from the plasma membrane and internal membranes. of the C-terminal serine residues also regulates the abundance of PIPs in the plasma membrane in response to salt stress conditions (Prak et al., 2008) . Internalization of Arabidopsis PIP2;1 involves two pathways: a tyrphostin A23-sensitive clathrin-dependent pathway and a methyl-b-cyclodextrinsensitive, membrane raft-associated pathway . Recently, it was shown that ABA can decrease the phosphorylation of PIP2;7 by up to 26% within 5 min of incubation of plant tissues in 50 mM ABA and can result in a 60% decrease after 30 min of incubation (Kline et al., 2010) . Only four of the Arabidopsis plasma membrane aquaporins seem to be affected by these changes, and with different kinetics, suggesting that the ABA-dependent regulation is isoform dependent. ABAdependent PIP2;7 dephosphorylation at a defined C-terminal site might inactivate the channel and trigger its internalization either for recycling or degradation through the vacuolar pathway. To be physiologically efficient, this process should be coupled to a mechanism preventing new PIP2;7 channel molecules from reaching the plasma membrane.
TSPO Interacts with and Acts as a Transient Regulator of PIP2;7
Transcriptional regulation suggests that TSPO and PIP2;7 are mutually exclusive throughout plant development. We found that when coexpressed, TSPO and PIP2;7 do interact, most likely in the ER and Golgi membrane. This interaction is physiologically relevant as it triggers the reduction of PIP2;7 channels present in the plasma membrane, as well as reduced water transport activity (Figure 11) . Reduction of the abundance of aquaporins in the plasma membrane through protein-protein interaction within the cell has already been described in plants and in other cell types. The ER-localized E3 ubiquitin ligase Rma1H1 is induced by various abiotic stresses, and it inhibits the trafficking of PIP2;1 to the plasma membrane and targets the aquaporin for proteasomal degradation as a response to dehydration (Lee et al., 2009) . AQPD4 is an alternative spliced variant of the human aquaporin AQP4 lacking exon 4 that exhibits no water activity and is retained in the ER (De Bellis et al., 2014) . When AQPD4 is expressed in the presence of functional AQP4, the surface expression of the full-length protein is reduced, and water activity at the plasma membrane is diminished in comparison to cells expressing AQP4 alone. AQPD4 forms dimers with AQP4 in the ER and targets the complex for proteasomal degradation, therefore acting as a dominant-negative regulator (De Bellis et al., 2014) . It seems that, at least for some plasma membrane aquaporins, protein-protein interaction and downregulation of the complex is a common regulatory mechanism although the regulator and pathway may vary.
Abiotic stress conditions enhance, at least temporally, autophagy in the plant cell (Bassham et al., 2006; Bassham, 2007; Liu and Bassham, 2012) , probably through ABA-dependent inhibition of the target of rapamycin (TOR) kinase (Deprost et al., 2007; Liu and Bassham, 2010) , a key macroautophagy regulator in eukaryotic cells. We found that pharmacological inhibition of the autophagic pathway stabilizes TSPO and concomitantly stabilizes PIP2;7, suggesting that both proteins not only interact but are also likely degraded through the same pathway.
Consistent with this interpretation, the genetically stabilized form of TSPO harboring the H91A point mutation seems to have little or no effect on the level of endogenous PIP2;7, indicating that if the mutant form of TSPO is still able to interact with PIP2;7, the interaction is not conducive to degradation of the aquaporin. It would be interesting to investigate whether the TSPO/PIP2;7 interaction is affected by heme binding to TSPO. TSPO is actively degraded in the plant cell by a selective autophagic pathway (Vanhee et al., 2011b; Veljanovski and Batoko, 2014) . We confirm here that TSPO physically interacts with ATG8, but it is not yet clear whether the interacting ATG8 molecules are membrane-bound or soluble. It is possible that TSPO acts as a selective autophagy receptor (Veljanovski and Batoko, 2014) and could initiate the recruitment of the autophagosome formation machinery through ATG8 binding or by interacting with phagophore-bound ATG8. Where and how the TSPO/PIP2;7 complex is selectively engulfed in autophagosomes remains to be determined.
TSPO, when expressed, could act as a negative regulator of PIP2;7 (Figure 12 ). The regulation of water transport by aquaporins may occur through modulating the gating (Törnroth-Horsefield et al., 2006) or alternatively by influencing the number of active channel molecules in the plasma membrane. The latter can be achieved by direct regulation of the expression of a given aquaporin gene and/or aquaporin trafficking and degradation (Boursiac et al., 2005 (Boursiac et al., , 2008 Lee et al., 2009; Besserer et al., 2012) . Shutting down the transcription of the gene may not be enough, since the cell has to deal with translated molecules en route to the plasma membrane and what is already active in the plasma membrane (Figure 12 ). Transient titration of PIP2;7 by TSPO and subsequent degradation through the autophagic pathway could efficiently contribute to limiting tissue dehydration during exposure to stress conditions.
METHODS

Genetic Constructs and Transformations
Standard molecular biology protocols were followed, the plasmids generated were amplified in Escherichia coli strain DH5a, and all coding sequences were validated by sequencing.
The cDNAs of PIP2;7 and TSPO were amplified by PCR from a cDNA pool obtained by reverse transcription of mRNA from Arabidopsis thaliana Col-0 plants (for PIP2;7) or from the RIKEN clones RAFL09-68-G14 and RAFL05-18-I12 (Guillaumot et al., 2009 ) using the primer pairs U-PIP2;7 (59-GGCTTAAUATGTCGAAAGAAGTGAGC-39) and PIP2;7U (59-GGTTTAA-UTTAATTGGTTGCGTTGCT-39) or U-TSPO (59-GGCTTAAUATGGATTCT-CAGGACATC-39) and TSPO-U (59-GGTTTAAUTCACGCGACTGCAAGCTT-39), respectively. The PCR products were directionally cloned using a uracil excision-based improved high-throughput USER cloning technique (Nour-Eldin et al., 2006) into the USER-compatible vectors pCambia 3300-35S-Nterm- Y155N-u (Nour-Eldin et al., 2006) and pCambia-3300-35S-Nterm-Y155C-u (Nour-Eldin et al., 2006) . The pCambia-3300-35S-Nterm-Y155N-u vector contains the cDNA encoding the first 155 amino acid residues of the YFPderivative Venus (Nagai et al., 2002) , followed by a sequence encoding a linker consisting of Gly-Ser-Gly-Gly-Leu-Arg-Leu-Asn. The pCambia-3300-35S-Nterm-Y155C-u vector contains the cDNA encoding the last 91 amino acid residues of the YFP-derivative Venus followed by the same sequence encoding the linker described above. The cDNAs encoding PIP2;7 and TSPO were inserted into these vectors to express them fused to the split Venus (Venus N -PIP2:7, Venus C -PIP2;7, Venus N -TSPO, and Venus C -PIP2;7). The USER-cloning compatible PCR fragment encoding either PIP2;7 or TSPO was also cloned into the binary vector pCambia-2300-35S-Nterm-CFP-u or pCambia-3300-35S-N-term-YFP-u, allowing the expression of PIP2;7 or TSPO N-terminally fused to monomeric CFP or YFP/Venus. The Thellungiella salsuginea (Eutrema salsugineum) TSPO (Ts-TSPO) cDNA was obtained from RIKEN (clones pdh08542 and pdh04089). The binary vector pCambia-YFP-TsTSPO was obtained using the same cloning strategy as described for generating pCambia-YFP-AtTSPO (Guillaumot et al., 2009) , except that the primer BamHIThTSPO 59-TTTTGGATCCTCACGCGATTG-CAAGC-39 was used as a 39 primer for PCR amplification of the Ts-TSPO coding sequence. Although the pdh04089 clone contains a single nucleotide polymorphic mutation, compared with the construct containing the pdh08542 clone, this did not affect the expression and subcellular localization of the fusion protein. For the generation of mCherry-GFP coupled to the At-TSPO variants, the following primers were used in overlapping PCRs: CGF1 (59-AAAAAGCTTATGGTGAGCAAGGGCAGGAG-39) and CGR1 (59-CTTTACTCATTCCCGCTCCCGCTCCCGCCTTGTACAGCTCGTC-CATG-39) to amplify mCherry, CGF2 (59-GCTGTACAAGGCGG-GAGCGGGAGCGGGAATGAGTAAAGGAGAAGAAC-39) and CGR2 (59-TTTCTAGATTTGTATAGTTCATCCATGCCA-39) to amplify GFP from pVKH18-En6-ST-GFP (Batoko et al., 2000; Saint-Jore et al., 2002) , FTSPO (59-GGGGTCTAGAGGAGCTGGTGGAGCTGGTGGAGCTGTAT-GGACTCTCAG-39) and RTSPO (59-GGGGAGATCTGTCGACTCACG-CACTGCAAG-39) to amplify At-TSPO variants from p426GAL1-AtTSPO and p426GAL1-AtTSPO H91A (Vanhee et al., 2011b) . The final PCR product encoding mCherry-GFP was digested with HindIII and XbaI and cloned into pPILY, which was digested with the same restriction enzymes. The At-TSPO variants were cloned downstream of the mCherry-GFP using XbaI and BglII. The expression cassette containing a double p35S promoter was retrieved from pPILY using NotI and subcloned into pAUX-3131 opened with NotI, then into the binary vector pMODUL using I-SCEI (Goderis et al., 2002) . To generate RFP-TSPO, the coding sequence of TSPO was PCR amplified using the primers TSPO_D-topoF, 59-CACCATGGATTCTCAG-GACATCAGATAC-39, and TSPO_D-topoR, 59-TCACGCGACTGCAAGCTT-TACATTAA-39, and the PCR product was inserted into pUBN-RFP-DEST (Grefen et al., 2010) following the Gateway cloning procedure as described by the supplier. The generation of stable transgenic Arabidopsis plant lines expressing At-TSPO (OE8 and OE9) or YFP-At-TSPO, YFP-PIP2;7, and CFP-PIP2;7 has been described (Guillaumot et al., 2009; Vanhee et al., 2011b; Hachez et al., 2014) , and the same procedure was followed to obtain transgenic lines expressing YFP-Ts-TSPO, mCherry-GFP-At-TSPO, and mCherry-GFP-At-TSPO H91A . Transient expression in Nicotiana tabacum was performed essentially as described (Batoko et al., 2000) .
Split-Ubiquitin Screen
The split-ubiquitin screen was conducted using the full-length At-TSPO as bait and performed by the commercial firm Dualsystems Biotech. The bait construct for screening was made by PCR amplification of the cDNA encoding TSPO from the RIKEN clones RAFL09-68-G14 and RAFL05-18-I12 and cloned using the SfiI sites in the pBT3-N and pBT3-SUC vectors (Dualsystems Biotech) to generate pBT3-N-AtTSPO and pBT3-SUCAtTSPO encoding a fusion protein with VP16-LexA-Cub fused to the N terminus or the C terminus of TSPO, respectively. In addition to the TSPO coding region, the 59 and 39 junctions were further examined by sequencing. The bait constructs were transformed into the NMY32 strain [MATa his3delta200 trp1-901 leu2-3 112 ADE2:(lexAop) 8 -ADE2 LYS2: (lexAop) 4 -HIS3 URA3:(lexAop) 8 -lacZ GAL4] using standard procedures (Gietz and Woods, 2001) . Correct expression of the bait was verified by protein gel blotting of cell extracts using mouse monoclonal antibodies directed against the LexA domain (Santa Cruz Biotechnology). The absence of self-activation was verified by cotransformation of the bait together with several control preys (from different subcellular compartments) and selection on minimal medium lacking tryptophan, leucine, histidine, and adenine (selective medium). The bait was cotransformed sequentially together with an Arabidopsis cDNA library in the pDSL-Nx vector (complexity of the library 1.7 3 10 7 , average insert size 1.7 kb). Positive transformants were tested for b-galactosidase activity using a highthroughput plate-based assay (Möckli and Auerbach, 2004) . All of the initial positive transformants showed b-galactosidase activity and were considered true positives.
Plant Material and Treatments
Disinfection of Arabidopsis seeds, plant growth conditions, and ABA treatment were performed as described by Guillaumot et al. (2009) . The isolation and analysis of mesophyll protoplasts were as described by Hachez et al. (2014) . ConcA treatment were conducted as described (Vanhee et al., 2011b) and roots imaged after 24 h. Plant tissue dehydration assays were conducted as described (Cao et al., 2013) .
Protein Extraction and Analyses
Plant protein extraction and preparation and solubilization of microsomes were conducted as previously described (Vanhee et al., 2011a (Vanhee et al., , 2011b . GFP-Trap and RFP-trap (Chromotek) pull-down assays were conducted according to the manufacturer's instructions and adapted to our materials as previously described (Hachez et al., 2014) . Protein electrophoresis, protein gel blotting, and signal quantifications were performed as described by Guillaumot et al. (2009) . For ATG8 detection, electrophoresis and protein gel blotting were as described by Kwon et al. (2010) . Antibody against actin was purchased from Santa Cruz Biotechnology, anti-PIP2;7, anti-Arabidopsis RbcL, and Lhcb1 were purchased from AgriSera, and anti-Arabidopsis ATG8 was a generous gift of K.P. Okhmae (School of Life Sciences and Biotechnology, Korea University, Seoul). Anti-TSPO and anti-GFP/YFP have been described previously and were used accordingly (Guillaumot et al., 2009) . Horseradish peroxidase-coupled anti-rabbit and anti-mouse secondary antibody were from Sigma-Aldrich and were used at 1:10,000.
Cell Imaging
Confocal imaging using a Zeiss LSM710 confocal microscope equipped with a spectral detector was performed as described (Guillaumot et al., 2009; Vanhee et al., 2011a Vanhee et al., , 2011b Hachez et al., 2014) . Identical settings, including optical section thickness, were thoroughly used during the acquisition for sample comparison, and the images processed using identical parameters. When YFP and GFP fusion proteins were imaged simultaneously, the 458-nm laser was used to excite GFP and the amplified emitted light was recorded between 463 and 510 nm. YFP fluorophores were simultaneously excited with a 514-nm argon multiline laser and the amplified emitted light was recorded between 520 and 610 nm. RFP fluorophores were excited with a 561-nm laser and the amplified emitted light was recorded between 570 and 635 nm. The confocal images were processed using Imaris software (Bitplane). Cells were manually scored for the presence or absence of fluorescence from randomly imaged sections.
Statistical Analysis of the Data
Statistical analysis was conducted using GraphPad Prism software, version 3.00, to determine the significance of the presented data.
Accession Numbers
Sequence data from this article can be found in the GenBank/EMBL data libraries and in the Arabidopsis Genome Initiative genome databases under the following accession numbers: At2g47770 (At-TSPO), At4g35100 (PIP2;7), and AK352924.1 (Ts-TSPO).
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